Major histocompatibility complex (MHC) class I information is vital for understanding variance of immune responses in HIV vaccination and biomedical models. In this study, 9 Mamu-A and 13 Mamu-B alleles were identified from the cDNA products of 10 Chinese-origin rhesus macaques. Except for two alleles that had been reported by others, eight were novel and twelve extended the partial sequences that are available in GenBank. The additional information of MHC class I antigens might be beneficial to the availability of Chinese macaques in human disease studies. Furthermore, the polymorphism of leading peptides and the natural killer receptor recognition motifs in α1 domain both implies that Mamu-A and Mamu-B molecules might play key roles in innate immune responses of natural killer cells.
Rhesus macaque (Macaca mulatta) infected with simian immunodeficiency virus (SIV) is an optimal model to date for studying the pathogenesis of mankind infected with human immunodeficiency virus (HIV) and for evaluating potential HIV vaccines. According to their geographic distribution, rhesus monkeys are classified as Chinese-and Indian-origin populations [1, 2] . Studies have indicated that the pathology and immune responses to SIV/SHIV89.6P challenge were quite different between the two populations. SIV-infected Chinese macaques, in general, had lower virus load and higher CD4 + T-lymphocyte numbers in peripheral blood, as well as longer life span [3−5] . The lower load of virus and slower progression to AIDS in Chinese monkeys, however, might be closer to the situation in HIV-1 infected adults. This effect was presumed to be a consequence of variant major histocompatibility complex (MHC) class I restricted cytotoxic T-lymphocyte (CTL) responses.
MHC class I alleles play a critical role in cellular immune responses to intracellular pathogens such as viruses and some pathogenic bacteria. Peptides processed from the pathogens are bound by these alleles on the cell surface and presented to CD8 + CTLs. The specific CTLs can subsequently recognize and eventually destruct the infected cells. The MHC class I molecule is a cell-surface glycoprotein and usually consists of three extracellular domains (α1, α2 and α3), a transmembrane domain and a cytoplasmic tail [6] . It also has leading peptides before maturation. Human classical MHC class I antigens (HLA-A, HLA-B and HLA-C) exhibit high degrees of polymorphism, while non-classical class I products (HLA-E, HLA-F and HLA-G) show relatively low polymorphism [7] . In rhesus macaques, the orthologues of HLA-C gene have not yet been observed, while other equivalents are identified and designated as Mamu-A, Mamu-B (classical) and Mamu-E, Mamu-F, Mamu-G (non-classical) respectively. There is an additional locus in macaques named Mamu-I which shares classical and non-classical characteristics [8] .
Since the 1978 ban upon export of rhesus macaques from India, Chinese-decent macaques have become a more feasible and accessible animal model for use in AIDS infection [9] . Urgent demand arose for more MHC class I immunogenetic information in Chinese-origin rhesus macaques because most of our previous knowledge of HIV vaccine models was based upon the Indian macaques, and only a few MHC class I alleles of Chinese rhesus macaques were identified [9−12] .
In this study, we cloned and sequenced MHC class I cDNA products in Chinese rhesus macaques. Results suggested that the two geographic populations shared a quantity of MHC class I alleles and some common characteristics of immunogenetic polymorphism. The MHC immunogenetic information in our study may provide the possibility that the vaccine reagents designed for Indian-origin rhesus macaques might be directly considered as candidates for Chinese monkeys.
Materials and Methods

Animals
Peripheral blood mononuclear cells (PBMCs) were obtained from 10 caged rhesus macaques (from 10 colonies) in the sub-nursery of Zhaoqing Monkey Nursery in Guangzhou, China.
RNA isolation and cDNA synthesis
Total RNA was extracted using Trizol reagent (Invitrogen, Carlsbad, USA) from each sample according to the manufacturer's instructions and RNA quality was judged by agarose gel electrophoresis. After concentration calculation by ultraviolet photometry, the total RNA products were immediately transcribed into cDNA using a PrimeScript TM 1 st strand cDNA synthesis kit (TaKaRa, Dalian, China).
Cloning and sequencing of MHC class I cDNA Polymerase chain reaction (PCR) was performed to amplify the MHC class I cDNA using high-fidelity PrimeSTAR ® HS DNA polymerase (TaKaRa) according to the provided protocol. Primers listed in reference [9] were adopted in our PCR amplification. These were reported specific for untranslated regions around Mamu-A or Mamu-B transcripts (5' primer was 5'-GGACTCAGAAT-CTCCCCAGACGCCGAG-3', while 3' primer was either 5'-CAGGAACAYAGACACATTCAGG-3' favoring Mamu-A or 5'-GTCTCTCCACCTCCTCAC-3' favoring Mamu-B). The following PCR program was used for all cDNA amplification: initial denaturation at 94 ºC for 2 min; 35 cycles of 94 ºC for 30 s, 55 ºC for 30 s, 72 ºC for 1.5 min and a final extension at 72 ºC for 10 min. All PCR products of 1.2 kb were excised after agarose gel electrophoresis and purified using the QIAquick gel extraction kit (Qiagen, Hilden, Germany).
Purified PCR products were ligated into pMD19-T vector after being treated with DNA A-tailing kit according to the manufacturer's protocol (TaKaRa). The vectors were then transformed into Escherichia coli DH5α and 24 bacterial colonies were picked from each primer pair and incubated with shaking overnight in 5 ml Luria Broth (LB) containing 50 μg/ml ampicillin. Desired MHC class I inserts were identified by extraction of plasmids using a Plasmid miniprep kit (NCR Biotech Beijing Company, Beijing, China) and then digestion with HindIII and BamHI, and sequenced by Invitrogen (Shanghai, China) from both orientations. Identified sequences were aligned with a computer program DNAMAN (Lynnon Biosoft, Quebec, Canada). If a sequence was identified in three or more independent bacterial clones, it was submitted to GenBank and the IMGT/MHC Nonhuman Primate (NHP) Immuno Polymorphism Database-MHC (IPD-MHC) [13] . All the submitted sequences were named by the NHP Nomenclature Committee.
Phylogenetic analysis
Phylogenetic analysis was conducted using MEGA version 4 (MEGA, Tempe, USA) according to the neighborjoining method [14] . Sequences were first aligned with the ClustalW program (European Bioinformatics Institute, Hinxton, UK) [15] on 1099 nucleotide sites. The phylogenetic tree was reconstructed by the neighbor-joining method and Tamura 3-parameter distance model. Any postulated gap is deleted in sequence alignment, and bootstrapping of 1000 samples was performed to test the reliability of allele clustering patterns.
Results and Discussion
Identification of MHC class I alleles in Chinese-origin macaques
For each animal, 48 bacterial clones (24 per primer pair) were selected for MHC class I allele sequencing. A total of 480 sequences were analyzed, but only part of the results were consistent with our strict criteria for submission to the GenBank and IPD-MHC databases. This might be due to the limited number of clones for sequencing or any errors in reverse transcription-polymerase chain reactions (RT-PCR), though high-fidelity DNA polymerase was used in our experiment. Another possible cause was that the sequences (especially those from other loci that are not included in this report) expressed at lower levels in the monkeys' blood cells. However we still got 22 alleles (9 from Mamu-A1 and 13 from Mamu-B loci) from 10 monkeys. These sequence data have been submitted to the GenBank database under accession Numbers EU682507−EU682528, including two sequences identical to Mamu-A1*2201 and Mamu-B*0703 respectively previously reported by others [8, 9] Monkeys G01, G06 and G08 have two Mamu-B alleles, while Monkeys G02 and G09 each have four Mamu-B alleles, suggesting that at least two B loci might exist in these monkeys. As MHC class I region was located at chromosome 4 in rhesus macaques, our observations agreed with the report that the Mamu-B locus had duplicated during the primate evolution [12, 16, 17] . Others were convinced that there were as many as four Mamu-A and 28 Mamu-B loci in heterozygous animals, but not all of them had cDNA equivalents [11, 18] Accession numbers, allele names and their animal identity numbers are provided. All the cDNA sequences are also checked for identity with those listed in GenBank. Abbreviations: ID, identity number; In, GenBank entry for Indian-origin rhesus macaques; Ch, Chinese-origin monkeys;
Δ , partial cDNA sequences.
the MHC class I loci more clearly.
Phylogenetic analysis of the identified MHC class I alleles
The MHC class I allele sequences were aligned by the ClustalW program and a phylogenetic tree was reconstructed by the neighbor-joining method using the MEGA version 4 program [14, 15] . Nine Mamu-A and 13 Mamu-B alleles grouped respectively (Fig. 1) .
It is worth noting that two Mamu-B alleles (Mamu-B*360102 and Mamu-B*3602) branched early in the phylogenetic tree. This was also the case when our 22 sequences were aligned with other Mamu-A1 and Mamu-B complete coding sequences listed in GenBank (truncated from the stop codon) and an extended phylogenetic tree was reconstructed (data not shown). In fact,
Fig. 1 Phylogenetic analysis of 22 major histocompatibility complex class I sequences identified in Chinese-origin rhesus macaques
The analysis was carried out using MEGA version 4. Numbers on the branch are bootstrap values based on 1000 replicates. Those values less than 50% are hidden.
the Mamu-B*360102 sequence was highly similar to that of Macaca fascicularis' MHC class I allele Mafa-B*110102 (EU606046) with only two nucleotides of silent mutation. That is to say, their deduced amino acid sequences were exactly the same. Mamu-B*3602 shared most sequences with Mafa-B*110102 with only one nucleotide and one amino acid residue difference. These results suggest that Mamu-B*360102 and Mamu-B*3602 were highly conserved in macaque's evolution.
In addition, four of the 13 Mamu-B sequences identified in our study were also reported in Indian-origin monkeys ( Table 1 ) and these alleles did not group independently from other Chinese sequences (Fig. 1) , suggesting that geographic separation was not sufficient to isolate the MHC genetic background of the two monkey populations.
Polymorphism in the leading peptides of the identified MHC class I alleles
Deduced amino acid sequences were also aligned by the ClustalX program (European Bioinformatics Institute) [15] . As shown in Fig. 2 , the sequences were highly polymorphic in view of either peptide length variance or amino acid mutations in the leading peptide region of the 19 complete Chinese MHC class I molecules. Except for Mamu-B*6904 and Mamu-B*6601, the other complete cDNA sequences listed in Table 1 had double start codons (ATGs) at the 5′ terminal of the leading peptide region. Most of the leading peptides were 24 amino acid residues in length, while Mamu-B*1703, Mamu-B*360102, Mamu-B*3602 had only 21 amino acid residues, because they could only use the second ATG as the start codon. There should be a guanosine (G) deleted right after their first start codons, thus leading to three amino acids (aa) being truncated (Fig. 2) . The deduced full length for Mamu-A1 alleles was 365 aa, while that for Mamu-B was 362 aa and 359 aa respectively. Fortunately, the "missing G" after the first start codon did not result in a frame shift mutation when these alleles used the second ATG as start codons. The third type of Mamu-B alleles that was predicted to have only the second ATG start codon [18] was not found in this study. As the leading peptide is removed during MHC class I protein maturation, the 359-aa alleles in this report were supposed to be functional.
Two other 359-aa alleles (Mamu-B*8201 and Mamu-B*1702) were previously reported in Chinese-origin rhesus macaques [9] . Additionally 359-aa sequences were commonly seen in other macaque primates (Macaca fascicularis, Macaca nemestrina), such as Mafa-B*110102, Mafa-B*480101 (AY958147), Mane-B*03 (AY204716) etc, suggesting that this allelic type could at least be traced ahead to their common macaque ancestor.
According to the observation that most Mamu-B alleles have double ATG start codons, the MHCI-B*17 allele which was submitted to GenBank by Evans et al in 1999 (AF199358) might be a complete cDNA sequence in stead of a partial one. On the contrary, a Mamu-B*03 sequence (U41825), which was presumed to be complete, might have missed an adenosine (A) at the first start codon.
The polymorphism and different length in the leading peptide region of MHC class I alleles might have immunological significance to the macaque family. Recent studies have implied that MHC class I antigens could regulate the innate immune responses by interaction with natural killer (NK) cells, though cytotoxic lysis of target cells was not MHC-restricted. In humans, the activities of NK cells are aroused or inhibited through binding their receptors (NKRs) to different ligands. Several families of NKRs to date have been found to participate in the inhibitory or activatory reaction of NK cells, including the CD94/NKG2 receptor family. Non-classical HLA-E molecules are important ligands of CD94/NKG2 receptors [19] . HLA-A, -B and -G indirectly take part in the NK responses because these alleles are likely to provide a nonapeptide ligand (VMAPRTLLL) for HLA-E from their leading peptides, which is necessary for NK mobilization or inhibition [19, 20] . It is still to be elucidated whether this was also the case in the innate immunological responses of rhesus macaques. Of interest was that 15 of the 19 full length Mamu-A and Mamu-B alleles had the typical (V)MAPRTLLL motif in their leading peptides, with the exception of Mamu-B*6904 and Mamu-B*6601 (both with VVAPRTLLL motif), Mamu-B*0301 (with VMAPRTFLL motif) and Mamu-B*1703 (with MAPGTLLL motif) (Fig. 2) . As indicated, the first residue in this motif was not a major position for binding to HLA-E [20] . On the other hand, Mamu-B alleles with different lengths might have changed or enriched the non-peptide reservoir for HLA-E binding to cope with variant pathogens.
Implication of α1 sequence in the role of NK cell recognition with MHC class I alleles
The so-called antigen-recognition region (ARS) is composed of certain amino acid residues of MHC class I α1 and α2 domains. These domains are responsible for antigenic peptide binding and presentation [6] . High polymorphism was clearly observed in the MHC class I α1 and α2 domains of our deduced amino acid sequences (Fig. 2) .
In addition to HLA-E molecules mentioned above, studies also indicated that human classical MHC class I alleles (HLA-A, -B and -C) also were involved in NK inhibitory or activatory responses. HLA-C products with dimorphism at positions 77 and 80 were implicated to be ligands of inhibitory NKRs: one with Ser77 and Asn80, the other with Asn77 and Lys80 [21] . Other NKRs recognize HLA-A or -B by binding with the Bw4 and Bw6 epitopes (residues 77−83 in α1 domain) ( Table 2 ) [16,22−24] . Transfection of Bw4 + instead of Bw6 + HLA-B alleles protected the mutant cell line 721.221 from lysis by NKB1 NK cells [24] . As HLA-C analogues were not found in rhesus macaques [16] , its role in NK recognition was presumed to have been substituted by Mamu-A or Mamu-B alleles. Our results clearly demonstrated that one Mamu-A1 and five Mamu-B alleles had typical Bw4 motifs, in addition that classical Bw6 epitopes existed in four Mamu-A1 and two Mamu-B molecules in their residues 77−83 peptides. Among them, the four Mamu-A1 molecules were further characterized with residues 77 (Ser) and 80 (Asn) that were vital for the interaction between HLA-C and NK cells. Bw6 epitopes are supposed to exist only in HLA-B antigens [24] , but our results indicated that a Bw6 motif presented not only in Mamu-B but also in Mamu-A molecules. Residues 82 and 83 were either Leu82-Arg83 (Bw4) or Arg82-Gly83 (other) in the alleles of this study, as in human counterparts [24] , with the only exception of Leu82-Ser83 in Mamu-B*010102 ( Fig. 2 and Table 2 ). But polymorphism in the residues 77−83 region did not affect the conservation of the close proximate residue 86 (Asn), which was the only N-linked glycosylation in human MHC class I alleles [25] . Indeed, no mutation was observed at this residue among all the sequences in this study (Fig. 2) .
It was supposed that polymorphism of the NK recognition region of MHC class I molecules was beneficial for the survival of the rhesus macaque species. In contrast to CD8 + T-lymphocytes, which required peptide-bound MHC signaling, NK cells were MHC-peptide unrestricted. Subsets of NK cells might simultaneously recognize the information existing in the MHC leading peptide and Bw4/Bw6 epitope of one allele or that distributing in a cohort of MHC alleles. Considering the multiple loci of Mamu-A and Mamu-B, the information was so vast that it would be very difficult for a pathogen to evade the NK attack by mimicking any of the MHC antigens.
Potential use of the sequences in vaccine and biomedical research Expression of certain MHC class I allele influences the disease progression following SIV infection, which is vital for understanding variant immune responses in HIV vaccine models. For instance, Mamu-B*08 [26] and Mamu-B*17 [27] had been implicated in control of SIV replication in Indian monkeys. Before any vaccine experiments, MHC class I allele repertoire of the animals should be taken into consideration in case their MHC alleles per se, instead of the vaccines, might control the virus replication.
Although single nucleotide polymorphism (SNP) and mitochondrial DNA (mtDNA) microsatellite analysis had clearly distinguished Indian-and Chinese-origin rhesus macaques, results of ours and others [9] demonstrated that the two geographic populations still shared a batch of Mamu-A and Mamu-B alleles ( Table 1) . In fact, some rhesus macaques' MHC class I genes were so conservative that the amino acid sequences were almost (or even exactly) the same as those of Macaca fascicularis', such as Mamu-B*360102 and Mamu-B*3602 which were Rhesus macaques' MHC class I alleles identified in this study which carried the Bw4 and Bw6 motifs were also shown in this Table. MHC, major histocompatibility complex. −, not available.
